This document is made available in accordance with publisher policies. Please cite only the published version using the reference above. Full terms of use are available: http://www.bristol.ac.uk/pure/about/ebr-terms hour; 3 Kmin -1 to 200 °C + 3 hours) followed by a post cure (3 Kmin -1 to 260 °C + 1 hour). Cured copolymers were exposed to environments of elevated relative humidity (75 % RH) and parallel immersion testing in H2O, H2SO4 (10 %) and NaOH (10 %) at 25 °C for a period of up to 2 years and accelerated ageing in boiling water (14 days). Periodic measurements are made of moisture gain along with infrared spectra and compared with cured homopolymers. Changes in mass are recorded periodically throughout exposure, prior to destructive thermo-mechanical analyses.
INTRODUCTION
Thermoset polymers have an established history in civil aviation, in applications involving decorative panels, secondary composite structures and adhesives -around 90 % of the interior furnishings of a typical civil airliner will contain thermoset composites [1] . Cyanate esters (CEs) constitute a family of addition cured high performance, thermosetting polymers, which occupy a niche intermediate between high glass transition temperature (Tg), tetrafunctional epoxy resins and bismaleimides (BMIs) [2] . Cured CEs offer a combination of favourable thermal and mechanical performance (e.g. dry Tg values of 270-300 C are common with a strain at break of over 5-8 %) coupled with low dielectric loss properties (a low dielectric constant of ca. 2.7 with a loss tangent of 0.003 (at 25 C and 1 MHz) is typical) that gives a unique property profile. Although requiring toughening for some engineering applications, CEs can be combined with inherently tough engineering thermoplastics (HexPly 954-2A, GIC = 250 J/m 2 ) [3, 4] or elastomers (HexPly 953-3, GIC = 450 J/m 2 ) [5] to yield impressive enhancements. In this form they typically find application as matrices in advanced composites (either in combination with epoxy resins in aerospace applications [6, 7] ) or with BMIs as dielectric polymers in the microelectronics industry [8] . Whilst they are not currently widely used in civil aviation, largely due to cost, they are used increasingly in military aerospace applications, e.g. the nosecones of aircraft, missile-tracking systems, and weather radar all require resistance to high temperatures, whilst maintaining their electrical properties [9] .
Current applications of CEs in radomes and antennae include the Augusta Westland AW101 Merlin helicopter, which uses a Kevlar TM /CE sandwich bonded skin [10] .
We have previously reported [11] the improvements in physical and mechanical properties that can be achieved by employing binary blends of co-reactive CE monomers. However, little systematic work appears to have been carried out to date with copolymers and we have selected three commonly examined CE monomers based on two bisphenols and a low molecular weight phenolic oligomer. In this study we examine the hydrolytic stability of cured CE copolymers when exposed to water in both mild and increasingly harsh conditions. This has long been a parameter of concern with users of CEs, as the need to achieve high levels of polymer conversion (and thus reduce the presence of cyanate groups that might otherwise yield thermally unstable carbamate groups) is key.
We now report success with the potential for CE copolymers, based on commercially available systems, with reduced moisture uptake and superior hydrolytic stability.
3 EXPERIMENTAL Instrumentation. Infra-red spectra were obtained (32 scans between 4000-400 cm -1 ) using a Perkin
Elmer System 2000 FT-IR spectrometer equipped with diamond ATR.
Differential scanning calorimetry (DSC) was undertaken using a TA Instruments Q1000 running TA Q Series Advantage software on samples (5.0  0.5 mg) in hermetically sealed aluminium pans.
Experiments were conducted at a heating rate of 10 Kmin -1 . from -10 °C to 400 °C (heat/cool/heat) under flowing nitrogen (50 cm 3 /min.). In order to gauge the reactivity of the monomer in the bulk, dynamic DSC analysis was performed on all of the systems.
Thermogravimetric analysis (TGA) was performed on a TA Q500 on milled, cured resin samples (6.5  0.5 mg) in a platinum crucible from 20-800 °C at 10 Kmin -1 in both air and nitrogen (40 cm 3 min -1 ).
Dynamic mechanical thermal analysis (DMTA) (in single cantilever mode at a frequency of 1 Hz) was carried out on cured neat resin samples (ca. 3 x 5 x 17 mm 3 ) using a TA Q800 in static air from 20 °C to 400 °C at 3 Kmin -1 at 0.1% strain.
Materials.
The dicyanate ester monomers ( Figure 1 ) were characterised fully using spectroscopic, elemental and thermal analysis and used as received without further purification. The initiator components: copper(II) acetylacetonate (Cu(acac)2) and dodecylphenol (C18H30O) were both obtained from Aldrich and used as received. (1 hour isothermal) followed by a gradual cool (3 K/min) to room temperature. Cured samples of the different blends (Table 1) were cut to correct size for analysis. (17 x 5 x 3 mm 3 ) were dried to constant weight in a vacuum oven at 100°C. Blends were then suspended over the NaCl/H2O solution on a porous membrane without coming into direct contact with solution. Parallel studies of dried blends of identical size involved directly immersing specimens into either distilled H2O, acidic (H2SO4 conc. 10 %) or basic (NaOH conc. 10 %) media in sealed containers to prevent evaporation. These containers were kept at room temperature for the duration of the study. Accelerated testing was performed by immersing similar (dried) samples in distilled water in a round bottom flask with a Leibig condenser and heating at 100 C for 14 days.
Weighing the samples involved removing them from their environment and drying their surfaces.
Masses were recorded every 24 hours. (Table 2) , although the influence on the thermo-mechanical properties (the 'hot/wet' characteristics) is more profound. Table 2 Onset of thermal degradation for cured binary cyanate ester blends as determined by TGA before and after conditioning (nitrogen, 10 K/minute)
RESULTS AND DISCUSSION

Determination of Water
The full set of thermal data acquired for the neat homo-and copolymers (prior to conditioning) are included in the Supplementary information (Table S3 ). This is shown graphically for a selected blend, before and after exposure to 75 % RH ( Figure 5 ). Analysis of the conditioned samples using DMTA shows that both the magnitude of the modulus and the position of the glass transition are reduced (Fig. S11) , with the immersion conditions causing the greatest reductions in both parameters. This is shown clearly in Table 3 , which details the effects of the moisture conditioning on the full set of blend samples. The DMTA data (Fig. S12) yield interesting information about the crosslinked structure. The breadth of the tan  peaks show differences in the damping behaviour of the CEs and the peak widths represent the temperature ranges over which the glass transition temperatures occur. Thus, the tan  peak recorded for 170-230 becomes significantly more bimodal following exposure to 75 % 7 RH for 4000 hours to form . This can be attributed to more heterogeneous networks containing both highly-and less densely crosslinked regions [16] consistent with hydrolysis of covalent bonds. This, in turn, results in a broad distribution of molecular mobilities or relaxation times. The cross link density (ν) for each CE copolymer was calculated from the DMTA data using equation (1) Where φ is taken as unity, Ge is the storage modulus strictly from a sample at equilibrium, but is taken at Te, where Te = (Tg + 50 K).
The crosslink density values are shown for the CE copolymers as initially polymerized (denoted 'virgin sample') and following conditioning at 75 % RH and following direct immersion in water (Table 4) . Examination of the data for the virgin CEs indicates that the copolymers based on 1x-2y develop similar levels of crosslink density (4-7 molcm -3 ), whereas significantly higher crosslink densities are developed for copolymers comprising either 3x-1y (41-95 molcm -3 ), or for 3x-2y (53-86 molcm -3 ). The moisture conditioning experiments appear to have different effects on the network structures. Thus, for copolymers of 1x-2y the result serves to increase the crosslink density markedly (2-6 fold); for copolymers of 3x-1y more modest increases (of up to 2-fold) are observed;
for copolymers of 3x-2y the crosslink density increases slightly, or decreases slightly. With the more forcing immersion conditions, the crosslink density generally increases in the case of the copolymers based on difunctional monomers, but falls significantly in the copolymers of 3x-2y, which contain oligomers of higher functionality. Table 4 Crosslink density data for cured CE copolymers as determined by DMTA following exposure to different moisture conditioning regimes Although the situation is clearly both complex and dynamic with numerous possibilities, the initial depth of moisture ingress into the polymer and its resultant effect on the polymer chain interactions appear to be a key influence on the propensity of the CE to yield carbamate via the accepted mechanism [18] involving slow formation of an imidocarbonate (catalyzed by residual metal ions present in the polymerization catalyst), and fast rearrangement to form a carbamate, which can undergo decarboxylation at typical cure temperatures or soldering processes (Scheme 1). (Fig. S13) .
Accelerated temperature testing (immersion in boiling water for 14 days) was performed on all the homopolymers and selected copolymers and the data are also presented in Table 2 . These samples were examined closely for physical changes in appearance, structural integrity, thermal stability and dynamic mechanical thermal properties. Although there is a significant reduction in Tg for all blends when subjected to accelerated ageing (by immersion at 100 C, Table 2 ), the reduction in 'outgassing'
(due to the evolution of carbon dioxide following decarboxylation of the carbamate, Scheme 1) is significantly reduced in copolymer combining 2 and 3 when compared with the homopolymers or the 9 other copolymers (Fig. S14) . The thermal behaviour of the copolymer comprises elements of both networks of the neat polymers: displaying a flatter response at lower temperatures (where the behaviour of 2 predominates), but appears more similar to 1 at higher temperatures, suggesting that this component exerts a greater influence over the degradation as it possesses the weaker linkages.
Examination of the effects of long term immersion in highly acidic and basic media. The cured samples were also immersed in acidic and basic media (for a total of 3000 hours). Somewhat surprisingly, the mass changes in the immersed samples were practically identical (+1.01-1.02 %) over the timescale (Table S4) , although the initially colourless basic solution became progressively more straw coloured with the presence of small fragments of solid suspended within it (Fig. S15, top) ,
shown for . This corresponded to marked etching apparent on the surface of the sample (also ) (Fig. S15, bottom) .
The results of the analysis of the blend [150-250] using DMTA following exposure either to water, sulphuric acid, or sodium hydroxide is shown in Fig. 9 and Table 5 . These data show clearly that the different media have subtly different effects. For example, the magnitude of the modulus is most clearly affect most by the introduction of water (lubrication) or sodium hydroxide, whereas acid has much less effect in this regard. However, the situation is reversed when examining the position of the glass transition (related to free volume or crosslink density) with immersion in the acid causing the greatest reduction in this parameter (albeit a relatively small reduction). Table 5 Thermomechanical data for cured CE copolymers following exposure to different conditioning regimes 
REFERENCES
( [ 
